r Small conductance Ca 2+ -activated K + (SK) channels play an important role in regulating the excitability of magnocellular neurosecretory cells (MNCs). Although an increased SK channel function contributes to adaptive physiological responses, it remains unknown whether changes in SK channel function/expression contribute to exacerbated MNC activity under disease conditions. r We show that the input-output function of MNCs in heart failure (HF) rats is enhanced.
r We found that both the after-hyperpolarizing potential magnitude and the underlying apamin-sensitive I AHP are blunted in MNCs from HF rats.
r The magnitude of spike-induced increases in intracellular Ca 2+ levels was not affected in MNCs of HF rats.
r We found a diminished expression of SK2/SK3 channel subunit mRNA expression in the supraoptic nucleus of HF rats.
r Our studies suggest that a reduction in SK channel expression, but not changes in Ca 2+ mediated activation of SK channels, contributes to exacerbated MNC activity in HF rats.
Abstract Small conductance Ca 2+ -activated K + channels (SK) play an important role in regulating the activity of magnocellular neurosecretory cells (MNCs) and hormone release from the posterior pituitary. Moreover, enhanced SK activity contributes to the adaptive responses of MNCs to physiological challenge, such as lactation. Nevertheless, whether changes in SK function/expression contribute to exacerbated MNC activity during diseases such as heart failure (HF) remains unknown. In the present study, we used a combination of patch clamp electrophysiology, confocal Ca 2+ imaging and molecular biology in a rat model of ischaemic HF. We found that the input-output function of MNCs was enhanced in HF compared to sham rats. Moreover, although the SK blocker apamin (200 nM) strengthened the input-output function in sham rats, it failed to have an effect in HF rats. The magnitude of the after-hyperpolarizing potential (AHP) following a train of spikes and the underlying apamin-sensitive I AHP were blunted in MNCs from HF rats. However, spike-induced increases in intracellular Ca 2+ were not affected in the MNCs of HF rats. Real-time PCR measurements of SK channel subunits mRNA in supraoptic nucleus punches revealed a diminished expression of SK2/SK3 subunits in HF compared to sham rats. Together, our studies demonstrate that MNCs from HF rats exhibit increased membrane excitability and an enhanced input-output function, and also that a reduction in SK channel-mediated, apamin-sensitive AHP is a critical contributing mechanism. Moreover, our results suggest that the reduced AHP is related to a down-regulation of SK2/SK3 channel subunit expression but not the result of a blunted activity-dependent intracellular Ca 2+ increase following a burst of action potentials.
Introduction
Magnocellular neurosecretory cells (MNCs) located in the supraoptic (SON) and paraventricular nuclei (PVN) of the hypothalamus synthesize and release the neurohypophysial hormones vasopressin (VP) and oxytocin (OT). These neurohormones are involved in several physiological processes, including the regulation of vascular tone, water reabsorption, sodium balance, reproduction, parturition and lactation (Poulain et al. 1977; Antunes-Rodrigues et al. 2004) .
In addition to its important homeostatic role, VP also has been associated with neurohumoral activation in prevalent pathological conditions such as hypertension (Yi et al. 2012; Kim et al. 2013; Choe et al. 2015; Ribeiro et al. 2015) and congestive heart failure (HF) (Chatterjee, 2005) . Several studies report chronically elevated plasma VP levels in both animal models and human patients with HF (Szatalowicz et al. 1981; Goldsmith et al. 1983; Riegger et al. 1985; Francis et al. 1990) . Importantly, the elevated VP levels contribute to altered fluid imbalance, hypernatraemia and kidney damage, worsening the overall prognosis as well as both morbidity and mortality in HF (Cohn et al. 1981; Goldsmith et al. 1986a, b; Packer et al. 1987; Hodsman et al. 1988; Rouleau et al. 1994; Schrier & Abraham, 1999; Nakamura et al. 2000) . Despite this evidence supporting a critical contribution of neurohumoral overactivation and an elevated plasma VP concentration to morbidity and mortality in HF patients, little is known about the precise underlying mechanisms regulating MNC activity and VP release in this disease.
The release of VP and OT is directly dependent on the level and pattern of firing activity of SON/PVN MNCs, which, in turn, are determined by the combined action of intrinsic membrane properties, synaptic inputs and local modulators (Bourque et al. 1993; Bourque, 2008) . Recent reports from our group and other investigators have demonstrated an important alteration in neurotransmitter signalling within the SON and PVN in HF rats. These include an altered balance of excitatory glutamatergic/inhibitory GABAergic synaptic transmission (Han et al. 2010; Potapenko et al. 2011) , increased activation of extrasynaptic NMDA receptor signalling as a result of blunted astrocytic glutamate clearance (Potapenko et al. 2012 and altered gaseous neurotransmission balance, including blunted nitric oxide and elevated carbon monoxide signalling (Zhang et al. 2001; Biancardi et al. 2011; Reis et al. 2016) . However, it is still unknown whether critical intrinsic membrane properties that regulate MNC excitability and firing patterns may also contribute to exacerbated MNC activity in HF rats.
Small conductance Ca 2+ -activated K + channels (SK channels) play an important role in regulating MNC excitability (Stern & Armstrong, 1997; Teruyama & Armstrong, 2002; Greffrath et al. 2004) . SK channels are typically activated by an increase in intracellular Ca 2+ levels that occurs following a train of action potentials and they mediate an after-hyperpolarizing potential (AHP). The AHP acts in turn as a negative feedback mechanism to progressively reduce the interspike interval during spiking (i.e. spike frequency adaptation) and diminish post-spike membrane excitability (Alger & Nicoll, 1980; Hotson & Prince, 1980; Madison & Nicoll, 1984) .
Increases in SK channel function have been reported to mediate adaptive physiological responses in MNCs, such as during lactation (Stern & Armstrong, 1996; . Conversely, a diminished SK channel expression and function was reported to contribute to exacerbated hypothalamic neuronal activity during hypertension (Chen et al. 2010; Pachuau et al. 2014) . Accordingly, these studies indicate that regulation of SK channel expression/function in hypothalamic neurons plays an important role under both physiological and pathological conditions. Nevertheless, whether changes in SK channels contribute to abnormal MNCs activity and, consequently, exacerbated hormonal release in HF remains unknown. To address this important question, we performed patch clamp electrophysiological recordings along with confocal Ca 2+ imaging and real-time PCR analysis in MNCs from a rat model of ischaemic HF.
Materials and methods

Ethical approval
Male Wistar rats (180-200 g) were purchased from Envigo Laboratories (Indianapolis, IN, USA). Rats were housed at room temperature (24-26°C) in a room under a 12:12 h light/dark cycle with normal rat chow and drinking water ad libitum. All procedures were approved by the Medical College of Georgia Institutional Animal Care and Use Committee (IACUC) and were carried out in agreement with IACUC guidelines.
Animals and induction of HF
HF was induced by coronary artery ligation as previously described . Briefly, animals were anaesthetized with isoflurane (4%) and intubated for mechanical ventilation. A left thoracotomy was performed and the heart was exteriorized. The ligation was placed on the main diagonal branch of the left anterior descending coronary artery. Buprenorphine (Bruprenex C3, 0.3 mg kg S.C.; Butler Schein/NLS, Dublin, OH, USA) was given immediately after surgery to minimize postsurgical pain. Sham animals underwent the same procedure, although the coronary artery was not occluded. Transthoracic echocardiography (Vevo 770 system; Visual Sonics, Toronto, ON, Canada) was performed 4 weeks after surgery under light isoflurane (2-3%) anaesthesia. All animals were used 6-7 weeks after surgery. The left ventricle internal diameter, as well as the left diameter of the ventricle posterior and anterior walls, was obtained throughout the cardiac cycle from the short-axis motion imaging mode. Measured parameters were used to calculate ejection fraction and fractional shortening.
Hypothalamic slice preparation. Hypothalamic brain slices were prepared in accordance with methods described previously (Jackson et al. 2005) . Briefly, rats were deeply anaesthetized with pentobarbital (80 mg kg −1 , I.P.). Then, rats were quickly decapitated, brains dissected out and coronal slices cut (240 μm thick) using a vibroslicer. An oxygenated ice-cold artificial cerebrospinal fluid (aCSF) was used during slicing (containing in mM: 119 NaCl, 2.5 KCl, 1 MgSO 4 , 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 20 D-glucose, 0.4 ascorbic acid, 2 CaCl 2 and 2 pyruvic acid; pH 7.4; 295 mosmol kg -1 ). Slices were placed in a holding chamber containing aCSF and kept at room temperature until used.
Patch clamp electrophysiology
Slices were bathed with an aCSF (ß2.0 ml min −1 ) containing 5 mM CsCl to suppress the depolarizing action potential and better isolate the AHP (Ghamari-Langroudi & Bourque, 1998; and were continuously bubbled with 95% O 2 -5% CO 2 and maintained at ß30-32°C. Thin-walled (outer diameter 1.5 mm, inner diameter 1.17 mm) borosilicate glass (G150TF-3; Warner Instruments, Sarasota, FL, USA) was used to pull patch pipettes (3-7 M ) on a horizontal Flaming/Brown micropipette puller (P-97; Sutter Instruments, Novato, CA, USA). The internal solution contained in mM: 135 KMeSO 4 , 5 EGTA, 10 Hepes, 10 KCl, 0.9 MgCl 2 , 0.5 CaCl 2 , 4 MgATP, 0.3 NaGTP and 20 phosphocreatine (Na + ); pH was adjusted to 7.2-7.3 with KOH. The osmolality of the intracellular solutions was 285 mosmol kg -1 . Recordings were obtained with an Axopatch 700A amplifier (Axon Instruments, Foster City, CA, USA) from magnocellular neurosecretory neurons from the SON using infrared differential interference contrast videomicroscopy. The voltage output was digitized at 16-bit resolution, 10 kHz and was filtered at 2 kHz (Digidata 1440A; Axon Instruments). Data were discarded if the series resistance was not stable throughout the entire recording (> 20% change). Depolarizing current injections steps of increasing magnitude (from 0-50 in 5 pA steps for 1 s) were used to evaluate the input-output function and the magnitude of the AHP in MNCs.
Voltage clamp recordings were performed to study the SK-channel mediated I AHP current. Whole-cell capacitance and series resistance were compensated by 75-80%. Membrane potential was clamped at −50 mV and a depolarizing voltage pulse to +10 mV (200 ms duration) was applied. After the pulse, the membrane potential returned to −50 mV and an outward tail current was recorded . To identify the SK-sensitive current, apamin (200 nM, 10 min) was bath-applied to selectively block SK channels. Previous studies showed that, at 100-200 nM, apamin blocks the SK-sensitive current and AHP, without affecting any SK independent AHP component (Stocker et al. 1999; Chen et al. 2010) . The outward tail current recorded after the depolarizing pulse was measured (peak amplitude and area under the curve) before and after application of apamin, and the magnitude of the apamin-sensitive current was calculated by subtracting these values.
Confocal calcium imaging
Neurons were loaded through the patch pipette with Fluo-5F pentapotassium salt (50 μM; Invitrogen, Carlsbad, CA, USA) added to the recording solution, as described previously . Imaging was conducted using the Andor Technology Revolution system (iXON EMCCD camera; Andor Technology Ltd, Belfast, UK; with the Yokogawa CSU 10 confocal scanning unit; Yokogawa Electric Corporation, Tokyo, Japan). Fluorescence images were acquired at a rate of 4 Hz, using an excitation light of 488 nm and emitted light at > 495 nm. The fractional fluorescence (F/F 0 ) was determined by dividing the fluorescence intensity (F) within a region of interest drawn within the MNC cell body by a baseline fluorescence value (F 0 ) determined from 50 images before the first depolarizing current pulse . Data were analysed using ImageJ (NIH, Bethesda, MD, USA).
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Quantitative real-time PCR Sham and HF rats were deeply anaesthetized with sodium pentobarbital and whole brains were quickly collected and immediately frozen. Brains were then mounted in a cryostat (CM3050S; Leica Microsystems, Wetzlar, Germany) and hypothalamic slices (900 μm) were obtained in accordance with the The Rat Brain in Stereotaxic Coordinates (SON, −0.8 to −1.8 from bregma; Paxinos & Watson, 1997) . Using a stainless steel punch needle of 1.5 mm in diameter, bilateral SON micropunches were collected as described previously (Zhang et al. 2017 ) and transferred to a microtube with RNAlater reagent (Ambion, Austin, TX, USA) and stored at 4°C for a maximum of 24 h. Total RNA was isolated from each sample using TRIzol reagent (Invitrogen) in accordance with the manufacturer's instructions. The RNA concentration was determined using a NanoDrop Spectrophotometer (Thermo Scientific, Waltham, MA, USA) and only 250 ng of RNA in each sample was used for cDNA synthesis by means of an iScript cDNA Synthesis kit (Bio-Rad, Hercules, CA, USA) in accordance with the manufacturer's instructions. PCR amplification was performed using a mixture containing: 1 μl of 10 μM sense primer, 1 μl of 10 μM antisense primer, 10 μl of 2 × master mix buffer (Power SYBR Green Master Mix; Applied Biosystems, Foster City, CA, USA), 2 μl of the cDNA template and 6 μl of diethylpyrocarbonate water. The primers used were: SK1 forward 5 -CTACTGTGGGAAGGGCGTGT-3 and reverse 5 -GGCTTTGGTCTGGCTTCTTC-3 ; SK2 forward 5 -AACGCAGCCGCCAATGTAC-3 and reverse 5 -CGCTTGGTCATTCAGTTTCC-3 ; SK3 forward 5 AACGGATCAAGAACGCTGCC-3 and reverse 5 -GGCTTGGTCACTCAGCTTCC-3 ; β-actin forward 5 -GACCCAGATCATGTTTGAGACCTT-3 and reverse 5 -CACAGCCTGGATGGCTACGTA-3 . All primers were synthesized by Integrated DNA Technologies (Coralville, IA, USA). Quantitative real-time PCR was performed using Applied Biosystems Fast 7500 Real-Time PCR System. The annealing temperature in the thermal cycler was 60°C and 40 cycles were performed. Each PCR was performed in duplicate. Water instead of cDNA was used as a negative control. Housekeeping gene (β-actin) was run for each cDNA sample. Determination of gene transcript in each sample was obtained by the CT method. For each sample, the threshold cycle (CT) of mRNA was measured and normalized to the average of the housekeeping genes ( CT = CT unknown -CT housekeeping genes). To assess differences between Sham and HF rats in the expression of SK1, SK2 and SK3 isoforms, the fold change of mRNA in the unknown sample (HF) relative to control group (Sham) was determined by 2-CT, where CT = CT unknown -CT Sham. Data are shown as mRNA expression relative to the sham group, as described previously (Reis et al. 2016) .
Statistical analysis
All values are expressed as the mean ± SEM. Student's t test and one-two-or three-way ANOVA tests with Bonferroni post hoc tests were used as indicated. P < 0.05 was considered statistically significant for differences. n refers to the number of cells for the electrophysiology experiments. All statistical analyses were conducted using Prism, version 7.00 (GraphPad Software Inc., San Diego, CA, USA).
Results
Basic intrinsic membranes properties in MNCs from Sham and HF rats
Recordings were made from 44 MNCs from Sham rats (n = 12) and 35 MNCs from HF rats (n = 11). As reported previously , echocardiography studies revealed that the ejection fraction was significantly reduced in HF rats (36 ± 3%, P < 0.01) compared to Sham rats (85 ± 2%). Table 1 summarizes the mean resting membrane potential, whole cell capacitance and input resistance of MNCs from Sham and HF rats. No significant differences between groups were observed in any of these parameters.
SK channels contribute to increased neuronal excitability in MNCs from HF rats
To evaluate whether the input/output function of MNCs was altered in HF rats and, if so, to what extent this was a result of differences in SK channel, function/expression, MNCs from Sham and HF rats were subjected to depolarizing steps of varying magnitudes (0-50 pA, 5 pA increments, 1 s duration) and the number and frequency of the evoked action potentials were monitored in the absence (control condition) and in the presence of the SK channel blocker apamin (200 nM). Representative examples are shown in Fig. 1A . We found that, under control conditions, the mean number of evoked spikes was significantly higher (P < 0.001) (Fig. 1Ba) , whereas the mean interspike interval (ISI) was significantly shorter (P < 0.001) (Fig. 1Ca) in MNCs from HF compared to Sham rats (n = 12 and 10, respectively). Apamin significantly increased the number of evoked spikes in MNCs from Sham rats (P < 0.001, n = 12) (Fig. 1Ba ) concomitantly shortening the mean ISIs (P < 0.001) (Fig. 1Ca) . Conversely, apamin failed to affect any of these parameters in MNCs from HF rats (P > 0.05, n = 10) ( Fig. 1Ba and Ca). Consequently, the mean number of spikes and ISIs during blockade of SK channels was similar between groups ( Fig. 1Ba and Ca). Similar results were observed when the slopes of the input/output functions (using a linear regression function) were analysed and compared among groups. Thus, as summarized in Fig. 1Bb , whereas the mean slope of the spikes/pA function was significantly steeper in MNCs from HF rats compared to Sham control rats (Sham: 0.34 ± 0.01 #spikes//pA; HF: 0.44 ± 0.01 #spikes/pA, P < 0.05). Moreover, although SK channel blockade significantly increased the slope of the function in MNCs from Sham rats (Sham apamin: 0.54 ± 0.02 Hz/pA, P < 0.001 vs. Sham control) (Fig. 1Bb) , apamin treatment failed to affect the slope of the function in MNCs from HF rats (HF apamin: 0.53 ± 0.01 Hz/pA, P > 0.05 vs. HF control). Similar effects but with reverse polarity were observed when the slopes of the ISI/number of spike in the train were analysed (Fig. 1Cb) .
The magnitude of the AHP is reduced in MNCs from HF rats
The amplitude of the AHP is dependent on the number of action potentials during a train (Andrew & Dudek, 1984; Bourque et al. 1985; Kirkpatrick & Bourque, 1996; . Thus, as reported previously, we observed a gradual increase in the AHP amplitude in MNCs from Sham rats that was dependent on the number of evoked spikes (mean number of evoked spikes for 10, 30 and 50 pA: 2.9 ± 0.4, 9.8 ± 0.5 and 15.9 ± 0.9, respectively, n = 16) ( Fig. 2A and B) . Thus, when the AHP magnitude was normalized to the number of evoked spikes at each current step, no differences in AHP amplitude were further observed (Fig. 2C) . Similar results were observed in MNCs from HF rats (not shown).
Given that depolarizing current steps of similar magnitude evoked a higher number of action potentials in MNCs from HF rats (Fig. 1Ba) , we adjusted the magnitude of the depolarizing current steps in in each cell in an attempt to evoke a similar number of action potentials (ß20) in Sham and HF rats. Using this approach, we were able to evoke a similar number of action potentials in MNCs from Sham and HF rats (Sham: 22.8 ± 0.5 action potentials using 54 ± 2.6 pA; HF: 20.9 ± 0.8 action potentials using 41 ± 3.1 pA). As shown in Fig. 3C , the magnitude of the AHP in MNCs from HF rats was significantly smaller compared to that of Sham rats (P < 0.001) (n = 12 and 10, respectively), even when the normalized AHP amplitude was used for comparison (P < 0.01) (Fig. 3D) . In both groups, apamin significantly decreased the AHP magnitude (P < 0.001 and 0.05 in Sham and HF rats, respectively).
The apamin-sensitive current (I AHP ) is diminished in MNCs from HF rats
To explore whether the reduced AHP in MNCs from HF rats was a result of changes in the underlying SK currents, we performed voltage clamp recordings in MNCs from Sham and HF rats before and after apamin application. Outward tail currents were evoked by a depolarizing command step (−50 to +10 mV; 200 ms) ( Fig. 4A and B) from a holding potential of −50 mV. As reported previously , the evoked tailed current (I AHP ) decayed with a medium (single arrow) and a slow (double arrow) time course. Moreover, and as reported previously , we also found that only the medium component was sensitive to apamin (see representative samples in Fig. 4A ). The apamin-sensitive I AHP was significantly smaller in MNCs from HF compared to Sham rats (n = 8 in each group, P < 0.01 for both peak amplitude and area) ( Fig. 4C and D) . Similar results were obtained when results were expressed as current densities (I AHP peak: Sham: 5.38 ± 0.5 pA/pF vs. HF 2.94 ± 0.5 pA/pF; I AHP area: Sham: 343 ± 44 pA/pF/ms vs. HF 144 ± 20 pA/pF/ms, P < 0.05 and P < 0.01 for peak and area, respectively). Fig. 5A and B. As indicated in the representative examples (i.e. with time-locked spiking and Ca 2+ signal overlapped in Fig. 5C and D), [Ca 2+ ] i rapidly rose during the evoked spiking, decaying thereafter at a much slower pace.
Different current injections magnitudes were used to match the number of evoked spikes in both groups. As shown in Fig. 6A , the mean number of evoked spikes was similar in MNCs from Sham and HF rats (Sham:
13.7 ± 1.4 vs. HF: 13.1 ± 0.9, P > 0.05). As shown in Fig. 3 , the AHP amplitude normalized by the number of spikes in this set of recordings was also significantly reduced in MNCs from HF rats (Sham: 0.85 ± 1.1 mV/spike vs. HF: 0.39 ± 0.08, P < 0.01) (Fig. 6B) (Fig. 6D) ].
MNCs from HF rats exhibit a reduction in SK channel expression
To confirm whether the diminished SK current and AHP amplitude, as well as the increased excitability, observed in MNCs from HF rats were a result of diminished SK channel expression, we performed a quantitative real-time PCR to measure the mRNA expression level of the three SK channel isoforms (SK1, SK2 and SK3) in SON punches from Sham and HF rats (n = 8 and 7, respectively). Out of the three SK channel subunits, we were able to detect only SK2-3 mRNA isoforms in our samples. As shown in Fig. 7A and B, the mRNA expression levels of SK2 and SK3 isoforms were significantly reduced in SON punches from HF rats (P < 0.01 and P < 0.05 for SK2 and SK3, respectively).
Discussion
Previous studies have demonstrated that an altered synaptic function in hypothalamic neurons from HF rats, which included a change in the balance of GABAergic/glutamatergic signalling (Han et al. 2010; Potapenko et al. 2011) , enhanced extrasynaptic NMDA receptor function (Potapenko et al. 2012 and changes in gaseous neurotransmitters (Zhang et al. 2001; Biancardi et al. 2011; Reis et al. 2016) contributing to enhanced neuronal excitability and neurohumoral activation under this condition. However, whether changes in intrinsic membrane properties known to critically influence neuronal excitability in these neurons also contribute to exacerbated neuronal activity in HF remained to be determined. In the present study, we focused on small conductance Ca 2+ -activated K + channels (SK channels) in hypothalamic MNCs. SK channels are voltage independent and gated by small increase in intracellular Ca 2+ as a result of Ca 2+ entry trough voltage-gated Ca 2+ channels during a train of action potentials (Bond et al. 1999) . The activation of SK channels evokes an outward K + current that contributes to the AHP, in turn reducing membrane excitability and firing activity, thus acting as a negative feedback mechanism during action potential firing (Bond et al. 1999) . Importantly, SK channels not only regulate firing activity under basal conditions in MNCs, but also changes in SK channel function/expression were shown to contribute to adaptive changes in the degree and pattern of MNCs activity during pregnancy and lactation (Stern & Armstrong, 1996; Teruyama & Armstrong, 2002) . Moreover, a blunted SK channel function in presympathetic hypothalamic neurons was shown to contribute to altered neuronal activity and sympathoexcitation in a hypertensive rat model (Chen et al. 2010; Pachuau et al. 2014) . Taken together, these studies support SK channels as critical players in the regulation of hypothalamic neuronal activity under both physiological and pathological conditions.
Blunted SK channel function in MNCs from HF rats
To determine whether SK channels contributed to increased neuronal excitability in MNCs from HF rats, we evaluated and compared the input-output function between the two experimental groups, before and after application of the selective SK channel blocker apamin. We observed that, under control conditions, MNCs from HF rats responded with a higher number of action potentials to the same stimulus strength than that observed in MNCs from Sham rats. Moreover, although apamin significantly increased the firing response of MNCs from Sham rats, apamin had no effect in HF rats. In addition, MNCs from Sham rats exhibited a high degree of spike-frequency adaptation (SFA), represented as a progressive increase in the interspike interval during a train of action potentials (Fig. 1Ca ). This is a well-characterized property of both VP and OT MNCs, known to be dependent on SK channel activation (Bourque & Brown, 1987; Stern & Armstrong, 1996) . As expected, apamin completely abolished SFA in MNCs of Sham rats. Conversely, SFA was almost absent in MNCs from HF rats, in which a lack of apamin effect was also observed. Taken together, these data (i) support an enhanced excitability and input-output function in MNCs from HF rats and (ii) show that a reduced SK channel function is a probable underlying mechanism. A caveat from our studies is that we did not identify the phenotype of the recorded neurons as either VP or OT. However, because similar responses were obtained in all cases, and both cell types were previously shown to express similar SK-mediated AHPs (Stern & Armstrong, 1996; , it can be assumed that the results reported in the present study apply to both SON cell types. As stated above, SK channel activation following Ca 2+ entry during spiking contributes to the generation of an AHP. Further supporting a blunted SK channel function in MNCs from HF rats, we found a diminished AHP magnitude in these neurons compared to those in sham rats. This was also true when the AHP magnitude was normalized to the number of evoked action potentials, a factor that needed to be taken into account given the higher number of action potentials that were evoked by the same stimulus magnitude in HF rats. We acknowledge that the AHP in MNCs is a complex intrinsic membrane property that results not only from the activation of SK channels, but also via other undetermined channels (Greffrath et al. 1998; Ghamari-Langroudi & Bourque, 2004) . Although the results of our studies suggest that a diminished SK channel function/expression contributes to the blunted AHP and increased membrane excitability during HF (see below), we cannot rule out at present whether mechanisms other than SK channels also contribute to the reported effects. We further investigated the mechanisms underlying the reduced AHP in MNCs from HF rats by directly measuring the underlying SK channel-mediated current (I AHP ). Accordingly, we performed recordings in the voltage clamp mode and evaluated the outward tail currents following a depolarizing command step, as conventionally used to monitor I AHP Chen et al. 2010) . Outward tail currents were monitored and quantified before and after apamin, which enabled us to isolate the SK channel component. As observed in Fig. 4 , the apamin-sensitive current was significantly reduced in MNCs from HF rats. Similar to a recent study in MNCs of lactating rats, we found that a relatively small proportion of the I AHP was apamin-sensitive. This is different from another study conducted in presympathetic PVN neurons, in which apamin blocked a much larger component of the I AHP (Chen et al. 2010; Pachuau et al. 2014) . These data suggest that the ionic mechanisms underlying the AHP in the hypothalamus could be cell type-dependent. Clearly, more studies are warranted to further investigate the precise mechanisms underlying the AHP in functionally distinct hypothalamic neurons. It is important to note, however, that both Chen et al. (2010) and Pachuau et al. (2014) also reported a reduced SK channel current function in presympathetic PVN neurons from hypertensive rats. Thus, along with our present results, these studies together suggest that a blunted SK channel activity and/or expression in hypothalamic neurons could be a common mechanism contributing to neurohumoral activation in neurogenic cardiovascular diseases. were a contributing mechanism to the blunted SK channel function in MNCs from HF rats, we performed simultaneously current clamp recording with confocal Ca 2+ imaging. Similar to the previous results, in these set of studies, we again found a reduced AHP magnitude following a train of action potentials. However, the magnitude of the evoked Ca 2+ signal (peak amplitude or area) was similar between groups. A major strength of this experimental approach is that we can obtain a direct correlation between firing activity and changes in intracellular Ca 2+ with a relatively fast temporal resolution. However, a limitation that needs to be acknowledged is that we are monitoring 'global' changes in intracellular Ca 2+ . Thus, although these studies argue against a major disruption in intracellular Ca 2+ dynamics during spiking activity (i.e. either diminished Ca 2+ entry and/or buffering by intracellular mechanisms) as a contributing factor, we cannot rule out that changes within Ca 2+ microdomains in the direct vicinity of the SK channels could result in an altered coupling between SK channels and voltage-gated Ca 2+ channels during HF. Unfortunately, this is beyond the spatial resolution capability of our system and will need to be tested in future studies when more sophisticated approaches become more readily available.
Finally, we also assessed whether a diminished SK channel expression could contribute to the blunted SK channel function in MNCs of HF rats. Three SK channel subunits are found in the central nervous system: SK1, SK2 and SK3 (Kohler et al. 1996) , and previous studies reported high levels of SK3 mRNA and protein levels in the SON, with low or undetectable levels of the SK1-2 isoforms (Greffrath et al. 1998; Stocker & Pedarzani, 2000) , suggesting that the apamin-sensitive AHP is most probably associated with SK3 channels. In our hands, using quantitative real-time PCR measurements of SK channel subunit mRNA in SON punches, we were able to detect both SK2 and SK3 but not SK1 subunit mRNAs. Importantly, we found significant diminished expression levels of both SK2/3 channels subunit mRNA in SON tissue obtained from HF rats. These results suggest that an overall decreased expression of SK channels could be an important mechanism contributing to the blunted AHP and, consequently, increased membrane excitability of MNCs in HF rats. An important caveat from these studies is that SON punches contain not only neurons, but also astrocytes among others cell, which can also express SK channels . It is also important to take into account that changes in mRNA levels do not necessarily reflect as corresponding changes in protein levels.
Finally, we acknowledge that it will be important in future studies to determine what signalling mechanisms activated during HF ultimately lead to changes in SK channel expression/function. In this sense, changes in circulating substances (e.g. increased levels of angiotensin II and mineralocorticoids) (Zhang et al. 2002; Zucker et al. 2004; Huang et al. 2011) and local changes within the hypothalamus itself (e.g. increased proinflammatory signals, oxidative stress and changes in gas neurotransmitters such as CO and NO) (Zhang et al. 2001; Biancardi et al. 2011; Reis et al. 2016 ) are known to contribute to neurohumoral activation during HF. Thus, studies addressing (i) whether changes in SK channel expression/function are related to one or multiple of these local or systemic signalling pathways and (ii) the temporal sequence of events leading to altered SK channel function and membrane excitability during HF are warranted.
In summary, the results obtained in the present study demonstrate that MNCs from HF rats exhibit an increased membrane excitability and an enhanced input-output function, and that this is largely the result of a reduction in the SK channel-mediated, apamin-sensitive AHP. The reduced AHP magnitude in turn appears to be related to a down-regulation of the SK2 and SK3 channel subunit expression but not to a blunted activity-dependent intracellular Ca 2+ increase following a burst of action potentials.
